NEUTRON SCATTERING STUDY OF ELASTIC MAGNETIC SIGNALS IN 

SUPERCONDUCTING Lai 94Sroo6Cu04 
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Recent neutron-scattering experiments on La2-a:Sra;Cu04 single crystals by Wakimoto ei al. have 
revealed that elastic magnetic peaks appear at low temperatures in both insulating {x = 0.02 — 0.05) 
and superconducting {x = 0.06) samples. We have carried out further investigations particularly on 
the elastic incommensurate peaks for x = 0.06, and found that the integrated intensity drastically 
changes across the low temperature insulator-superconductor boundary; the intensity of a:: = 0.06 is 
4 times smaller than that of 2: = 0.05, while the intensity in the insulating region stays constant. 

Keywords: A. Superconductors, B. Crystal growth, C. Neutron scattering, D. Magnetic properties. Superconductivity 
PACS numbers: 74.72.Dn, 75.10.Jm, 75.50.Ee, 71.45. Ln, 75.70.Kw 



The 2-1-4 type cuprate shows various magnetic and 
electronic properties with changing charge carriers in- 
troduced in the Cu02 planes. In the La2-iSrj,Cu04 
system, long-range three-dimensional (3D) antiferromag- 
netic (AF) order destroyed at the hole concentration 
X = 0.02 and spin-glass (SG) behavior appears in the 
region of 0.02 < x < 0.05. With further doping, the sys- 
tem shows superconductivity for 0.06 < x < 0.25 at low 
temperatures. Throughout the superconducting region, 
inelastic magnetic peaks are observed at incommensu- 
rate positions around (tt, tt) by neutron scattering ex- 
periments m , suggesting strong correlations between the 
dynamical spin fluctuations and the superconductivity. 
On the other hand, elastic magnetic peaks are observed 
at low temperatures in the both the insulating and su- 
perconducting regions. In the superconducting region, 
sharp-q elastic peaks are observed at incommensurate 
positions for x = 0.12, where the superconductivity is 
slightly suppressed (1/8 problem). ^Q In the insulat- 
ing region, Keimer et al. |Q and Wakimoto et al. Q ob- 
served a commensurate magnetic peak. Wakimoto et al. 
Q established that the elastic peak exhibits fundamen- 
tal changes at the insulator-superconductor boundary; 
the elastic commensurate peak becomes broader with in- 
creasing X in the insulating region and rapidly sharpens 
in the superconducting region. They also discovered new 
incommensurate elastic peaks at x = 0.05, near the lower 
critical concentration for superconductivity, which posi- 
tions are 45° rotated around (tt, tt) from those of super- 
conducting sanrples. Although such remarkable changes 
appear at the boundary, the SG transition temperatures 
determined by systematic /iSR study M appear to fall on 
a continuous universal curve for 0.02 < a: < 0.10. 



It becomes increasingly important to study the elas- 
tic component systematically from the insulating to the 
superconducting region in order to clarify the relation 
between the static magnetic correlations and the super- 
conductivity. We have performed systematic neutron- 
scattering experiments for 0.03 < x < 0.06, in partic- 
ular focusing on changes of the magnetic properties at 
the insulator-superconductor boundary. In the present 
paper, we report results for x = 0.06 and discuss the x- 
dependence of the elastic peak intensity referring to the 
results for x = 0.03, 0.04 and 0.05 reported in Rcf. g. 

A single crystal of a; = 0.06, whose size is 6 mm in 
diameter and 25 mm in length, was grown by an im- 
proved travelling-solvent floating-zone method H] at To- 
hoku University. The growth conditions are the same as 
those used for the x — 0.03,0.04 and 0.05 crystals re- 
ported in Ref. |g]. We annealed the x ~ 0.06 crystal in 
flowing oxygen at 900 °C for 12 hours before experiments. 
We measured the Meisner signal using a SQUID magne- 
tometer with the applied fleld of 10 Oe parallel to the 
Cu02 plane after a cooling process in zero fleld. Neutron- 
scattering experiments were performed on the HER cold 
neutron triple-axis spectrometer located at the JAERI 
JRR-3M reactor. To study the elastic component in the 
X = 0.06 crystal, we utilized an incident neutron energy 
of 5 meV to obtain high energy resolution (~ 0.25 meV) 
together with a Be fllter to exclude higher order contami- 
nations. The crystal was oriented so as to give the {h k 0) 
zone, and sealed in an Al can filled with He gas. In the 
present paper, we use the tetragonal lA/mmm crystallo- 
graphic notation. 

Figure n^ shows the Meisner signal of the x = 0.06 
crystal. The onset temperature of superconductivity 
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FIG. 1. Meisner signal of Lai. 94810. 06CUO4 measured by a 
SQUID magnetometer. The measurement was performed in 
a magnetic field of 10 Oe parallel to the CUO2 planes after 
zero-field cooling. 

Tc (onset) is 12 K which is consistent with the x- 
dcpendcnce of Tc(onset) reported in Ref. ||l|, suggesting 
that the Sr concentration of the crystal is indeed 0.06. 

Figure || indicates peak profiles along the scan trajec- 
tory shown in the inset. In Fig.||(a), closed and open 
symbols indicate data at 1.6 K and 40 K respectively. 
Although the data at 40 K are contaminated around 
q = —0.06, there exist clear differences between the pro- 
files at the two temperatures. To analyze the incom- 
mensurate elastic peaks excluding the contamination, we 
calculated the net intensity by subtracting the 40 K data 
from the 1.6 K data. Figure ||(b) shows the resultant net 
intensity. The solid line is the result of fitting using a 
double Lorentzian function consisting of two Lorentzians 
which are symmetric around q = 0. From the fitting 
result, the incommensurability of the elastic incommen- 
surate peaks is 0.048(±0.005) r.l.u., which is very close 
to that of the inelastic incommensurate peaks. [El 

To investigate changes of the magnetic properties 
across the boundary between the insulating and super- 
conducting region, we plot the x-dependence of the in- 
tegrated intensity of elastic magnetic peaks as shown in 
Fig.0. The horizontal axis indicates the integrated in- 
tensity normalized by sample volume. The integration 
was carried out for all elastic magnetic peaks around 
(tt, tt). Note that the data for x = 0.03,0.04 and 0.05 
referred from Ref. |5| are calculated from the results 
obtained using the SPINS spectrometer in the identi- 
cal instrumental configuration. Since the HER data 
of the X = 0.05 crystal in the identical instrumen- 
tal configuration used in the present study are also re- 
ported in Ref. g, we can make the necessary correc- 
tions for the X — 0.06 data. As clearly shown in 
Fig.g, the elastic magnetic intensity suddenly decreases 
across the phase boundary at Xc ^ 0.06. This fact 
strongly suggest a competing relation between the su- 
perconductivity and the static magnetic correlations. 
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FIG. 2. (a) Peak profiles measured using the HER spec- 
trometer along the scan trajectory shown in the inset figure. 
Closed circles are data at 1.6 K and open circles are data at 40 
K. (b) Net intensity calculated by subtracting the 40 K data 
from the 1.6 K data. The solid line is the result of fitting 
using a double Lorentzian function. 
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FIG. 3. Sr concentration x dependence of the normalized 
integrated intensity of the magnetic elastic peaks which was 
calculated by summation of the total integrated peak intensity 
around (tt, tt) and normalized by the sample volume. The 
solid line is a guide to the eye. 

On the other hand, the integrated intensity of the elastic 
magnetic peaks in the x — 0.12 sample is half of that for 
X = 0.06 while the peak shape is clearly different from 
that of the x = 0.06 sample; the elastic peaks in the 
X = 0.12 sample are sharper than those for x — 0.06. 0] 



Note that the onset Tc at x — 0.12 is 31 K, higher than 
that of a; = 0.06. Taking account of this difference of 
Tc, we speculate that the magnetic moment which con- 
tributes to the elastic magnetic peaks decreases as Tc in- 
creases and the static correlation length becomes larger 
near x = 1/8. However it is necessary to study system- 
atically the behavior in the intermediate concentrations 
between x = 0.06 and 0.12 to clarify the relation between 
the superconductivity and the static magnetic correla- 
tions in more detail. 
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